arXiv:hep-ph/0012079 v2 15 Dec 2000

Charged Higgs boson pair production via gluon-gluon collisions in MSSM with CP violation^�

Jiang Yi^b, Ma Wen-Gan^{a,b}, Han Liang^b, Hou Hong-Sheng^b

aCCAST (World Laboratory), P.O.Box 8730, Beijing 100080, China bModern Physics Department, University of Science and Technology of China, Anhui 230027, China

Abstract

The CP-violating effects to the subprocess gg ! H+H� is studied in the mSUGRA scenario at the CERN LHC, by taking into account the experimental bounds of electron and neutron EDM’s. The CP violation effects in this process are related to the complex phases of μ and A_f in the mSUGRA scenario. In our calculation we consider small CP phases of μ and A_f and neglect the effects of neutral Higgs bosons mixing. In this case the CP effects to the process mainly come from the complex couplings of Higgs-squark-squark. We find a strong dependence of charged Higgs boson pair production rate on the complex couplings in the MSSM parameter space.

PACS: 14.80.Cp, 12.60.Jv,12.15.Ji

Key words: Charged Higgs Boson, mSUGRA, CP Violation

�_{This work was supported by National Natural Science Foundation of China.}

I. Introduction

One of the basic questions of particle physics is the nature of electroweak symmetry breaking. Various theoretical insights suggest the extensions from the minimal Higgs sector with one Higgs doublet, for example, the Minimal Supersymmetric Standard Model (MSSM). The MSSM predicts the existence of three neutral and two charged Higgs bosons h^0, H^0, A^0 and H^±[1], in which two Higgs doublets must be introduced to provide masses to down- and up-type fermions through the superpotential and to keep the theory free of anomalies. The lightest neutral Higgs boson in the MSSM may be difficult to distinguish from the neutral Higgs boson of the standard model(SM). The exploration of additional Higgs bosons will be then very important to confirm extended Higgs sector. Discovery of a charged Higgs boson, H^±, shows directly these extended versions of the Higgs sector. Beyond the discovery of Higgs bosons, reconstructing the Higgs potential will be necessary, and that requires the experimental study of the self-couplings of Higgs bosons.

At the Large Hadron Collider(LHC), searching for these extra Higgs bosons is also one of the most important tasks. In much of the parameter space preferred by the MSSM, namely m_H� > m_W and 1 < tan β < m_t/m_b [2], the LHC will provide several mechanisms to search for charged Higgs boson. A copious source of charged Higgs bosons with fair light mass are decay of top quarks t → bH^+[3], since top quarks are produced with very large rates at the LHC. For a heavier charged Higgs boson the dominate production process is gb → tH^−[4]. The pair charged Higgs bosons can be produced via quark-antiquark annihilation [5] and gluon-gluon fusion[6, 7, 8, 9]. Of course, Higgs pair production has a lower rate compared with the single production mechanism, but Higgs pair production via gg and qq̄ annihilation involves the trilinear and quartic couplings of the physical Higgs bosons. So the measurement of these couplings will be useful in reconstructing the Higgs potential.

The full MSSM Lagrangian consists of various soft masses and the higgsino μ parameter and has 45 CP-violating complex phases[10]. In principle, the CP phases may come from the soft SUSY-breaking gaugino masses M_a (a = U(1)_Y , SU(2)_L, SU(3)_C), the soft bilinear Higgs mass mixing masses m^2_{12} ( or B_μ), the soft trilinear Yukawa couplings A_f and the higgsino mass parameter μ. Assuming universality condition of the soft gaugino masses at the GUT (or Planck) scale, the gaugino masses have a common phase and the different soft trilinear Yukawa coupling are all equal at this scale. Due to the two global U(1) symmetries of the MSSM Lagrangian, the U(1)_Q Peccei-Quinn symmetry and the U(1)_R symmetry acting on the Grassman-valued coordinates, not all CP phases are physical and the physical CP phases could be reduced to those of trilinear coupling A_f and the μ parameter[11], Φ_μ and Φ_{Af} , μ = |μ|e^{iΦμ} , A_f = |A_f |e^{iΦAf} . (1.1) The CP phases are constrained indirectly by the measurements of the fermionic electric dipole moment(EDM), mainly of electron EDM d_e and neutron EDM d_n. In order to satisfy the current experimental bounds of electron[12] and neutron [13] EDMs, there are several possibilities to solve it. The first possibility is to let the CP phases very small, i.e.|Φ| ≤ 10^{−2} [14]. The second possibility is that the CP phases are not very small but the first two generations of scalar fermions which contribute to EDMs are heavy[15]. The third possibility is that the partial cancellations among various contributions to the electron and neutron EDM’s in a restricted parameter space and the CP phases do not have to be suppressed[16, 17].

In the Higgs sector of the MSSM, at the tree-level Higgs potential is CP invariant, since the mass parameters of the two Higgs fields and the vacuum expectation values tan β are real and μ enters only via |μ|^2. If one includes the radiative corrections involving soft- CP-violating Yukawa interactions in the theory, the tree-level CP invariance of the Higgs potential can be broken[18, 19]. It’s so called explicit CP violation of the MSSM Higgs potential. Then the three neutral Higgs bosons can mix and none of the mass eigenstate Higgs boson is a CP eigenstate. For |μ| and |A_f | values larger than the arithmetic average of the scalar-top-quark masses squared, denoted as M_{SUSY} (M^2_{SUSY} = 1/2(m^2_{t̃1} + m^2_{t̃2} )), the explicit CP-violating effects can be significant[18]. If |μ| and |A_f | values are smaller than M^2_{SUSY} or the CP phases of μ and A_f is much small, such CP-violating effects turn out to be negligible.

Various SUSY processes including the effects of the CP phases have recently been considered, such as the effects in the neutral Higgs boson production at hadron collider[20], the effects in neutralino [21] and chargino [22] production at LEP, at CERN LHC[23], as well as at future electron-positron linear colliders[24]. In this work we shall investigate the CP violation effects in process gg → H^+H^− in the context of the mSUGRA. In the numerical calculation we choose |μ| and |A_f | smaller than M^2_{SUSY} and the CP phases of μ and A_f at the order O(10^{−2} − 10^{−1}) to neglect the effects of the neutral Higgs bosons mixing. While the constrains to the parameters from the measurements of the electron and neutron EDM’s are taken into account. We organized the paper as follows. In Section II, the analytical calculations are presented. In section III there are numerical results and discussions and in section IV, a short summary is given.

II. Calculation

The Feynman diagrams contributing to the subprocess gg → H^+H^− and the total cross section of this subprocess can be found in [6]. The effective Lagrangian for electric dipole interaction of a fermion can be written as L = − i 2 d_fψ̄σ_{μν} γ_5ψF^{μν}. (2.1) At the one-loop level, the contribution in the framework of MSSM to the electron EDM comes from the virtual chargino and neutralino exchanges, for the neutron EDM it is contributed by the virtual chargino, neutralino and gluino exchange. By considering the electric dipole operator, the chromoelectric dipole operator and the purely gluonic sixdimension operator, one found [16] that there exist significant regions in the parameter space where cancellations between the gluino and the chargino exchanges reduce the electric and the chromoelectric contributions, and the purely gluonic parts lead to a dramatic lowering of the neutron EDM sometimes below the electron EDM value. In the case of the neutron EDM, the dominant chargino and gluino contributions appear with opposite sign over a large portion of the MSSM parameter space. In general, internal cancellations are more likely among the SUSY contributions to the neutron EDM than they are in the case of the electron. A recent calculation of Chang et al.[25] for the Barr-Zee-type[26] two-loop contributions to the EDMs, shows that the sbottom contribution is enhanced for a large tan β[27]. Therefore, in our analysis we choose suitable parameters and small CP phases to suppress the Barr-Zee-type two-loop contributions. The CKM CP phase in the SM can in principle contribute to the fermionic EDM, such as the electron EDM, but it turns out to be effective at three-loop level so that the contribution is very small.

The mSUGRA is based on N = 1 supergravity grand unified theory, in which supersymmetry can be broken spontaneously via gravitational interactions and the electroweak symmetry is broken via radiative effect [28]. At the GUT scale, the CP-violating mSUGRA can be completely parameterized by just six input parameters, namely, m_{1/2}, m_0, A_0, tan β, Φ_μ and Φ_{A0} , where m_{1/2}, m_0 and A_0 are the universal gaugino mass, scalar mass and the trilinear soft breaking parameter, Φ_μ and Φ_{A0} are the CP phases of μ and the trilinear soft breaking parameter. From these six parameters, all the masses and coupling of the model are determined by the evolution from the GUT scale to the low electroweak scale.

With the cross section of the subprocess, we can easily obtain the total cross section at hadron collider by folding the cross section of gg → H^+H^− with the gluon luminosity σ(pp → gg + X → H^+H^− + X) = ∫ 1 4m^2_{H+} /s dτ dL_{gg} dτ σ̂(gg → H^+H^−, at ŝ = τs). (2.2)

where √ s and √ ŝ denote the proton-proton and gluon-gluon c.m.s. energies respectively and^{dLgg}_{dτ} is the gluon luminosity, which is defined as dL_{gg} dτ = ∫ 1 τ dx_1 x_1 [ f_g(x_1, Q^2)f_g( τ x_1

, Q^2) ] . (2.3)

Here we used τ = x_1x_2, the definitions of x_1 and x_2 are adopted from Ref.[29]. In our numerical calculation we take the MRST(mode 2) parton distribution function f_g(x_i, Q^2) [30], and ignore the supersymmetric QCD corrections to the parton distribution functions for simplicity. The factorization scale Q was chosen as the average of the final particle masses m_H+ . The numerical calculation is carried out for the LHC at the energy 14T eV .

III. Numerical Results and Discussions

In this section, we present some numerical results of the CP effects to total cross section from the full one-loop diagrams involving virtual (s)quarks for the process pp → gg +X →

H^+H^− + X. The input parameters are chosen as: m_t = 173.8 GeV , m_Z = 91.187 GeV , m_b = 4.5 GeV , sin^2 θ_W = 0.2315, and α = 1/128. We adopt a simple one-loop formula for the running strong coupling constant α_s

α_s(μ) = α_s(m_Z) 1 +^{33−2nf}_{6π} α_s(m_Z) ln ( μ m_Z ). (3.1)

where α_s(m_Z) = 0.117 and n_f is the number of active flavors at energy scale μ. In our numerical calculation to get the low energy scenario from the mSUGRA, the renormalization group equations(RGE’s)[31] are run from the weak scale M_Z up to the GUT scale, taking all threshold into account. We use two loop RGE’s only for the gauge couplings and the one-loop RGE’s for the other supersymmetric parameters. The GUT scale boundary conditions are imposed and the RGE’s are run back to M_Z , again taking threshold into account. The REG’s for the gauge and Yukawa couplings, and the diagonal elements of the sfermion masses and gaugino masses are real. The phase of μ does not run because it cancels out in the one loop renormalization group equation of μ, and the magnitude and the phase of A_f do evolve[16]. The decay widths of the intermediate Higgs bosons are considered at the tree level and these formula can be found in ref.[32].

In order to describe the CP violating effects in the process, we introduce the notation δ defined as δ = σ_{CP} − σ_0 σ_0

, (3.1)

where σ_0 is the cross section of this process with CP conservation and σ_{CP} is the cross section with CP violations. In Fig.1 we present the δ versus CP phases of μ and A_0. The input parameters are chosen as m_0 = 100 GeV ,m_{1/2} = 150 GeV , A_0 = 300 GeV , tan β = 4 and the CP phases of μ and A_0 run from zero to 0.1π. When the CP phases are set zero, the masses of Higgs bosons are m_h0 = 97 GeV , m_H0 = 258 GeV , m_A0 = 254 GeV and m_H+ = 266 GeV and the cross section of this process is 1.2 fb. In our numerical calculation we let Φ_μ = 0 when Φ_{A0} runs from zero to 0.1π and vice versa. In this case, the CP phase corrections to the masses of Higgs bosons and squarks are the order of just a few percent. So the CP effects to the process at this case mainly come from the phases in the Higgs-squark-squark couplings. The CP effect of Φ_μ and Φ_{A0} to this process increase as the phase becoming larger. The δ is positive for Φ_μ running in this region and can reach 12% when the Φ_μ = 0.1π, but for Φ_{A0} , the δ is negative and can reach −46% when the Φ_{A0} = 0.1π. From the figure we can see that the effect of Φ_{A0} is larger than that of Φ_μ to this process. There is a strong dependence of the production rates of the pair charged Higgs on the complex couplings in such MSSM parameter space.

In Fig.2 we also present the δ versus CP phases of μ and A_0. The input parameters are chosen as tan β = 30 and the others are the same as those in Fig.1. When the CP phases are set zero, the masses of Higgs bosons are m_h0 = 106 GeV , m_H0 = 175 GeV , m_A0 = 174 GeV and m_H+ = 194 GeV and the cross section of this process is 44 fb. We still let Φ_μ = 0 when Φ_{A0} runs from zero to 0.1π and vice versa. In this case, the

CP phases corrections to the masses of Higgs bosons and squarks are very small and the CP effects to the process mainly come from the CP phases in the Higgs-squark-squark couplings. The CP effects of Φ_μ and Φ_{A0} to this process increase as the phase becoming larger. Both the δ of Φ_μ and Φ_{A0} to this process are negative. For Φ_μ the δ can reach −5.7% when the Φ_μ = 0.1π and for Φ_{Af} can reach −12% when the Φ_{A0} = 0.1π. The dependence of the production rates on the complex couplings is also obvious.

IV. Summary

In this work we calculate the CP-violating effects to the process pp → gg + X → H^+H^− + X in the mSUGRA scenario at the LHC collider, by taking into account the experimental bounds of electron and neutron EDMs. The CP violation effects in this process are related to the complex phases of μ and A_f in the mSUGRA scenario. We choose small CP phases of these parameters to neglect the mixing of neutral Higgs bosons. In this case the CP effects to the process mainly come from the complex couplings of Higgssquark-squark. We find a strong dependence of the production rates of the pair charged Higgs boson on the complex couplings in the MSSM parameter space we chosen.

Acknowledgement: This work was supported in part by the National Natural Science Foundation of China(project numbers: 19875049), a grant from the Education Ministry of China and the State Commission of Science and Technology of China, and the Youth Science Foundation of the University of Science and Technology of China.

References

[1] P. Fayet, Nucl. Phys. B90, (1975)104; S. Dimopoulos and H. Georgi, Nucl.

Phys.B193, (1981)150; H. P. Nills, Phys. Rep. 110, (1984)1; H. E. Haber, G. L. Kane, Phys. Rep. 177, (1985) 75.

[2] CDF Collaboration, Phys. Rev. Lett. 79, (1997)35; Do Collaboration, Phys. Rev.

Lett. 82, (1999)4975.

[3] Z. Kunszt and F. Zwirner, Nucl. Phys. B385, (1992)3; and references cited therein.

[4] J. F. Gunion, et.al., Nucl. Phys.B294, (1987)621; V. Barger, et.al., Phys. Lett.

B324, (1994)236; C. S. Huang and S. H. Zhu, Phys. Rev. D60, (1999)075012; L. G. Jin, et.al., to appear in Eur. Phys. J.C. (hep-ph/9907482) and references cited therein.

[5] E. Eichten, I. Hinchliffe, K. Lane and C. Quigg, Rev. Mod. Phys. 56, (1984)579.

[6] Jiang Yi, Ma Wen-Gan, Han Liang, Han Meng and Yu Zeng-Hui, J. Phys. G24, (1998)83.

[7] A. Krause, T. Plehn, M. Spira and P. M. Zerwas, Nucl. Phys. B519, (1998)85. [8] A.A. Barrientos Bendezu and B.A. Kniehl, Nucl. Phys. B568, (2000)305. [9] O. Brein and W. Hollik, Eur. Phys. J. C13, (2000)175.

[10] J. Rosiek, Phys. Rev. D41, (1990)3464; S. Dimopoulos and D. Sutter, Nucl. Phys.

B452, (1995)496.

[11] M. Dugan, B. Grinstein and L. J. Hall, Nucl. Phys. B255, (1985)413; S. Dimopoulos and S. Thomas, Nucl. Phys. B465, (1996)23.

[12] E. Commins, et.al. Phys. Rev. A50, (1994)2960; K. Abdullah, et.al. Phys. Rev. Lett.

65, (1990)2340.

[13] P. G. Harris, et.al. Phys. Rev. Lett. 82, (1999)904.

[14] J. Ellis, S. Ferrara and D. V. Nanopoulos, Phys. Lett. B114, (1982)231; A. Sanda, Phys. Rev. D32, (1985)2992; W. Bernreuther and M. Suzuki, Rev. Mod. Phys. 63, (1991)313.

[15] P. Nath, Phys. Rev. Lett. 66, (1991)2565; Y. kizukuri and N. Oshimo, Phys. Rev.

D46,(1992)3025;D45,(1992)1806.

[16] T. Ibrahim and P. Nath, Phys. Rev. D57, (1998)478.

[17] T. Ibrahim and P. Nath, Phys. Rev. D57, (1998)111301; W. Hollik, et al., Nucl. Phys.

B551, (1999)3; T. Falk, A. ferstl and K. A. Olive, Phys. Rev. D59, (1999)055009; M. Brhlik, G. J. Good and G. L. Kane, Phys. Rev. D59, (1999)115004; S. Pokorski, J. Rosiek and C. A. Savoy, hep-ph/9906206.

[18] A. Pilaftsis, Phys. Lett. B435, (1998)88; Rev. D58, (1998)096010; A. Pilaftsis and C. E. Wagner, Nucl. Phys. B553 (1999)3.

[19] D. A. Demir, Phys. Rev. D60, (1999)055006.

[20] A. Dedes and S. Moretti, Phys. Rev. Lett. 84, (2000)22; Nucl. Phys. B576, (2000)29 [21] S. Y. Choi, H.S. Song and W. Y.Song, hep-ph/9907474; T. Falk, A. Ferstl and K.

A. Oliver, hep-ph/9908311; J. L. Kneur and G. Moultaka, hep-ph/9907360. [22] S. Y. Choi, et al., Eur. Phys. J. C7,(1999)123; S. Y. Choi, et al., Eur. Phys. J.

C8,(1999)669.

[23] Ma Wen-Gan, Du Fei, Zhou Mian-Lian, Jiang Yi, Han Liang and Zhou Hong, Phys.

Rev. D60, (1999)115009;

[24] Zhou Mian-Lai, Ma Wen-Gan, Han Liang, Jiang Yi and Zhou Hong, J. Phys. G25, (1999)1641; V. Barger, T. Han, T Li and T. Plehn, hep-ph/9903376.

[25] D. Chang, W.-Y. keung and A. Pilaftsis, Phys. Rev. Lett. 82, (1999)900.

[26] S. M. Barr and A. Zee, Phys. Rev. Lett.65, (1990)21.

[27] H. Baer, C. Chen, M. Drees, F. pagie and X. Tata, Phys. Rev. Lett. 79, (1997)986;

80, (1998)642(E); Phys. Rev. D58, (1998)975008; D59, (1999)055014.

[28] A. Chamseddine, R. Arnowitt and P. Nath, phys. Rev. Lett. 49, (1982)970; M.

Olechowski and S. Pokorski, Nucl. Phys. B404, (19993)590, and references cited therein.

[29] Jiang Yi, et al., J. Phys. G23, 385(1997); G23, 1151(E)(1998).

[30] A. D. Martin, R. G. Roberts, W. J. Stirling and R. S. Thorne, hep-ph/9907231.

[31] V. Barger, M. S. Berger and P. Ohmann, Phys. Rev. D47, 1093(1993), D47, 2038(1993); V. Barger, M. S. Berger, P. Ohmann and R. J. N. Phillips, Phys. Lett. B314, 351(1993); V. Barger, M. S. berger and P. Ohmann, Phys. Rev. D49, 4908(1994).

[32] J. Gunion, H. Haber, G. Kane and S. Dawson, The Higgs Hunter’s Guide (Addison- Wesley, Reading 1990).

Figure Captions

Fig.1 The δ versus CP phases of μ and A_0 in mSUGRA with the parameters m_0 = 100 GeV , m_{1/2} = 150 GeV , A = 300 GeV , tan β = 4. The solid curve is for Φ_{A0} running from zero to 0.1π while the phase of μ is set zero and the dashed curve is for Φ_μ running from zero to 0.1π while the phase of A_0 is set zero.

Fig.2 The δ versus CP phases of μ and A_0 in mSUGRA with the parameters m_0 = 100 GeV , m_{1/2} = 150 GeV , A = 300 GeV , tan β = 30. The solid curve is for Φ_{A0} running from zero to 0.1π while the phase of μ is set zero and the dashed curve is for Φ_μ running from zero to 0.1π while the phase of A_0 is set zero.